Deriving chemical formulas of organic molecules, based on spectral information, with heuristic rules is a commonly recurring task. The computational effort and the potentially extensive list of candidate formulas put a strain on the downstream analysis. In this paper, we introduce a set of redefined heuristics based on the hydrogen and halogen rules that reduce the computational burden and the number of candidate formulas for organic molecules, such as peptides and lipids.
INTRODUCTION
To elucidate the chemical structure of organic molecules measured with nuclear magnetic resonance (NMR) or mass spectrometry (MS), the molecular formula is often determined first. Recorded spectra provide useful information, such as the (fine) isotope distribution 1−5 or, in the case of MS1 spectra, the mono-isotopic and average masses. 1, 6−9 In order to derive the potential molecular formulas, a set of heuristic rules is commonly applied. 8, 10 Two examples of such rules are the "nitrogen rule" 10,11 and the "hydrogen rule". 12 The nitrogen rule applies to organic compounds and states that "the number of nitrogen atoms is even or odd when the nominal mass is, respectively, even or odd." The "hydrogen rule" is also referred to as the "hydrogen and halogen" rule, and it applies to organic molecules containing only carbon, hydrogen, nitrogen, oxygen, fluorine, chlorine, bromine, and/or iodine. It may also apply to molecules containing sulfur and/or phosphorus, depending on the functional groups both elements form. 12 The rule states that, for such molecules, the maximum number of monovalent atoms, i.e., hydrogen and the halogens, is given by n n n n max( ) 2 2
where n H , n C , n N , and n X is the number of atoms of, respectively, hydrogen, carbon, nitrogen, and halogens. Claesen et al. 9 formulated a modified hydrogen rule for peptides and proteins: "The number of hydrogen atoms is even when the nominal mass of the peptide/protein is even," or "n H even when m nom even" (where m nom means the nominal mass) in short. The rule is similar to the nitrogen rule.
A consequence of the nitrogen and hydrogen rules is that, for peptides and proteins, the number of hydrogen atoms is even when the number of nitrogen atoms is even ( Figure 1 ). The reason for this observation is the number of valences (Table 1) . According to the first condition of Senior's theorem, 13 the total number of atoms having odd valences or the sum of valences is even. For (non-halogenated and non-phosphorylated) peptides and proteins, N and H are the only two elements having an odd number of valences. Hence, if the number of H-atoms is even, the number of N-atoms has to be even, too (and vice versa).
In this article, we refine the "n H even when m nom even" hydrogen rule, formulated by Claesen et al. 9 Additionally, we show that the refined rule applies not only to peptides and proteins, but also to other organic molecules, such as lipids. Finally, we illustrate that using this refined hydrogen rule reduces the number of candidate elemental compositions generated by algorithms that predict chemical formulas based on spectral features, such as pacMASS. 9 Additionally, we show that the computation time of pacMASS 9 is substantially reduced when predicting the molecular formula of a peptide based on its mono-isotopic mass.
METHODS
2.1. The "Refined Hydrogen Rule" for Peptides and Proteins. The left-hand-side panel of Figure 2 indicates that, for peptides and proteins, the number of H-atoms is divisible by four when the nominal mass is also divisible by four.
The nitrogen rule and the definition of the nominal mass explain this observation. Given the information provided in Table 1 , the nominal mass, m nom , of an organic molecule C n C H n H N n N O n O S n S is calculated as follows: m n n n n n n n n n n that is, divisibility of the nominal mass by four depends only on the number of N-and H-atoms. Moreover, the nominal mass of the molecule is even or odd if n H is, respectively, even or odd. Now, according to the nitrogen rule, the number of N-atoms is even when the nominal mass of the molecule is even. Hence, for a molecule with an even nominal mass, the value of 14 × n N is necessarily divisible by four. Consequently, the remainder of an even nominal mass, after division by four, is equal to the remainder of the number of H-atoms. On the other hand, for a molecule with an odd nominal mass, both n N and n H are odd. Hence, the remainder of 14 × n N , after division by four, is always equal to two. Given that the remainder of (odd) n H is equal to one or three, the remainder of an odd nominal mass is equal, respectively, to three or one.
Taken together, the conclusions can be expressed symbolically as follows: 
It follows that, for a nominal mass divisible by four, the number of H-atoms is also divisible by four. Figure 2 illustrates the relationship between the remainders of the nominal mass and of the number of hydrogen atoms, after division by four, implied by eq 2. Note that, for organic molecules containing at least one Natom, eq 2 can be equivalently expressed (see also the righthand-side panel of Figure 2 ) in the following form: 
We will refer to rules 4 and 5 as the "refined hydrogen" rule. Note that it is more specific than the "n H even when m nom even" hydrogen rule for peptides and proteins formulated by Claesen et al. 9 For instance, assume that m nom = 8. Then, according to the rule by Claesen et al., 9 the possible values of n H are 0, 2, 4, 6, and 8. On the other hand, the refined rule (4− 5) implies that the only possible values of n H are 0, 4, and 8. 2.2. Extensions of the "Refined Hydrogen Rule". 2.2.1. The General Rule. The "refined hydrogen rule" (4−5) is only applicable for organic molecules of the form C n C H n H N n N O n O S n S . By considerations similar to those presented in the previous section, a general rule for neutral organic molecules can be derived:
where the sum is over all elements Y with an odd nominal mass m Y , and n Y denotes the number of Y atoms. Note that charged molecules have to be neutralized by determining the charge, z, and correcting the mass by adding or subtracting the mass of z hydrogen atoms.
2.2.2. The "Refined Hydrogen and Halogen Rule". The general rule implies a refined rule for organic molecules 
where n X and m X is, respectively, the number of atoms and the nominal mass of halogen X. 2.2.3. The "Refined Hydrogen and Halogen Rule for Molecules Containing Phosphorus". Organic molecules can also contain phosphorus. This is the case of, for example, phosphorylated proteins and peptides, or phospholipids. The "refined hydrogen and halogen rule" can be updated to become applicable to the P-containing molecules: 
where n X and m X is, respectively, the number of atoms and the nominal mass of halogen X, and n P is the number of phosphorus atoms. 2.3. Valence-Based Rules. The refined rules proposed above are similar to valence-based rules, such as the Lewis rule or Octet rule, 14 or Senior's theorem. 13 The Lewis/Octet-rule states that atoms will lose, gain, or share electrons to achieve the electron configuration of the nearest noble gas. Senior's theorem consists of three conditions:
(1) The sum of valences is an even number, or the total number of atoms having odd valences is even;
(2) The sum of valences is greater than or equal to twice the maximum valence;
(3) The sum of valences is greater than or equal to twice the number of atoms minus 1.
The refined rules and the valence-based rules differ in the information they use and in the way in which they can be applied to determine the elemental composition of organic molecules. The refined rules use the nominal mass. The valence-based rules use the number of valences of each element. Certain elements, such as all transition elements, but also nitrogen, phosphorus, and sulphur, have multiple valences, which may complicate application of the valence-based rules.
The valence-based rules, using the maximum number of valences, have been implemented as a filter to select naturally occurring elemental compositions. 8, 10 The refined hydrogen rule can be used as a filter or, in combination with other sources of information, can be applied to predict a set of elemental compositions. As shown in ref 9, the hydrogen rule and nitrogen rule allow predicting the elemental composition of peptides and (small) proteins. This is not possible with the valence-based rules or nitrogen and hydrogen rule as a filter because of the extremely large number of candidate compositions for molecules with a mass above 1000 Da. 
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In general, maximum-valence-based rules and the refined rules will lead to the same set of elemental compositions. Neither set of rules can predict the elemental composition of hypervalent molecules or free radicals.
RESULTS AND DISCUSSION
The "refined hydrogen rule" is applicable to peptides and proteins with C n C H n H N n N O n O S n S as elemental composition. However, there are also other organic molecules with that composition. An example is the large group of lipids. In this section, we investigate the compliance of peptides and lipids with the refined rules developed in the previous sections.
3.1. The "Refined Hydrogen Rule" for Peptides and Proteins. We checked the compliance of organic molecules with the refined rule by using peptides from an in-silico tryptic digest of the human proteome (UniProtKB 9606, keyword 181, release 2011-11). In particular, we calculated the nominal mass for all the peptides and selected 440 035 peptides with a nominal mass below 4000 Da.
For 329 360 (75%) peptides out of the selected set of 440 035 peptides with a nominal mass below 4000 Da, the sum of the remainders, specified on the left-hand side of eq 3, is equal to four; for the remaining 110 675 peptides, the sum is equal to zero. In the case of the latter, both the nominal mass of the peptide and the number of hydrogen atoms are divisible by four.
Additionally, we considered lipids from the LMSD database (LMSDFDownload3Jan19, 15 Table 2 ). Twelve charged lipids were converted to their neutral form by removing or adding H + (Table 3) .
We selected 31 649 lipids consisting of C-, H-, N-, O-, and/ or S-atoms (see the second column of Table 2 ) to check the refined hydrogen rule. It appears that all the lipids comply with the "refined hydrogen rule" (4−5).
3.2. The "Refined Hydrogen and Halogen Rule". The "refined hydrogen and halogen rule" is applicable to organic molecules containing only carbon, hydrogen, nitrogen, oxygen, fluorine, chlorine, bromine, and/or iodine. To validate the rule, we selected 32 007 lipids consisting of C-, H-, N-, O-, S-, F-, Cl-, Br-, and/or I-atoms (see the third column of Table 2 ) from the LMSD database. Compared to the set of 31 649 lipids used for the validation of the refined hydrogen rule, 358 additional lipids were selected.
For all 32 007 neutral lipids consisting of C-, H-, N-, O-, S, F, Cl, Br, and/or I-atoms (Table 2 , third column), selected from the LMSD database, the "refined hydrogen and halogen rule", defined in eq 7, is valid.
3.3. The "Refined Hydrogen and Halogen Rule" for Phosphorus Containing Molecules. Finally, the "refined hydrogen and halogen rule for molecules containing phosphorus" was checked by considering all 42 651 lipids from the LMSD database (the fourth column of Table 2 ). Among these lipids, 10 644 contain at least one P-atom. Among the latter, all lipids comply with the "refined hydrogen and halogen rule for phosphorus containing molecules", defined in eq 8.
3.4. Practical Benefits of the Use of the "Refined Hydrogen Rule" for Peptides and Proteins. To illustrate the practical use of the "refined hydrogen rule", we considered the problem of prediction of the molecular formula of a peptide based on the mono-isotopic mass. Toward this aim, we applied pacMASS 9 (with a tolerance of 5 ppm for the mass) to an in silico tryptic digest of bovine cytochrome C. We compared the number of candidate molecular formulas obtained from the pacMASS algorithm with the hydrogen rule "n H even when m nom even," formulated by Claesen et al., 9 and the "refined hydrogen rule" (4−5). Table 4 shows the number of candidate molecular formulas obtained with the two rules. The use of the "refined hydrogen rule" can reduce the number of candidate formulas by as much as 46%, while retaining the correct candidate formula.
We also considered the impact of the use of the refined rule on the computation time of pacMASS. Toward this aim, we considered a set of 2988 peptides, within the range of 400− 4000 Da, from bovine serum albumin. 9 For the "n H even when m nom even" hydrogen rule, the computation time for all the peptides was approximately equal to 9.5 min on a laptop with Windows10, an i7-7700HQ processor, and 16GB of RAM.
With the "refined hydrogen rule" (4−5), the computation time was reduced by about 50% to 4.5 min.
CONCLUSION
We have formulated a refinement of the "hydrogen rule" and the "hydrogen and halogen rule" for organic compounds. We have shown that the refined rules are necessarily applicable to all peptides and proteins and to all lipids. It is likely that the proposed rules are also valid for other organic compounds.
Applying the rules in practice in, for instance, molecularformula filters or prediction of molecular formulas may considerably reduce the computational effort and time.
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